An improved and sensitive method for studying iron absorption in mice with alterations in body iron stores is described. Mice with varying iron status were given a double isotopelabelled test dose containing S9Peand SICr as a non-absorbable indicator, via an oroesophageal needle. Using a whole-body counter it was possible to measure in vivo the initial mucosal iron uptake and long-term iron retention and to calculate mucosal iron transfer. A significant difference was demonstrated between normal and both anaemic and dietary iron-loaded mice with regard to the various steps of iron absorption. When mice were tested twice for iron absorption, the results were highly reproducible. In conjunction with other parameters, the method described is useful in studying the mechanism and the regulation of iron absorption in mice.
One of the hallmarks of iron homeostasis is its exclusive regulation at the site of absorption (McCance & Widdowson 1937 . The capacity to reduce or increase absorption of iron in response to increased or reduced iron stores is well documented. Despite considerable investigations, the mechanism(sl controlling iron absorption is still not understood.
Iron absorption is the result of a multi-step process, that can be divided into two parts: firstly, mucosal uptake from the intestinal lumen and secondly, transfer of iron through the mucosal cells towards the blood. Por in Correspondence to: Manuela Santos, Department of Immunology, Room F03.821, University Hospital Utrecht, PO Box 85.500, 3508 GA Utrecht, The Netherlands Accepted 13 January 1997 vivo iron absorption studies the use of a nonabsorbable indicator to allow discrimination between these two steps has proved success-fullMarx 1979, Miltenburg et al. 1993 , Wienk et al. 1996 In the present study we describe a simple method to determine both initial and ultimate iron absorption by whole-body counting in mice. This method allows differentiation between 'mucosal uptake'the amount of iron taken up by the mucosal cells from the lumen of the gut, 'mucosal transfer' -the fraction of iron that is transferred from the mucosal cells into the blood, and 'retention' -the iron still present in the body 7 days after ingestion (Marx 1979) . The different steps of iron absorption were studied in normal, anaemic and dietary ironloaded mice. Reproducibility of the method was also evaluated. In addition, in order to Laboratory Animals (1997) 31. 264-270 fully characterize iron status in mice several other relevant parameters were analysed. We believe that the overall analysis of these parameters allows an accurate characterization of iron homeostasis in mice.
Materials and methods
The experimental protocol was approved by the local Animal Experiments Committee of Utrecht University, The Netherlands.
Animals and housing
C57Bl/6 mice aged 6 weeks were purchased from IFFA Credo, Brussels, Belgium. For one week, the mice were housed in groups of four animals in wire-topped polycarbonate cages (Macrolon II, UNO BV, Zevenaar, The Netherlands), with a layer of sawdust as bedding material. Room lighting, temperature and humidity were kept controlled (12 h light/ dark cyclej 19-23°Cj 50-60%). Clean cages with fresh bedding were introduced once a week. A commercial rodent diet IRMH-B®, Hope Farms, Woerden, The Netherlands) and tap water were provided ad libitum.
Establishment of iron status
After the pre-experimental period (day 0), the animals were fed with one of three experimental diets over 14 days. The control group was given the commercial diet (RMH-TM®, Hope Farms, Woerden, The Netherlands), and consisted of (g/kg diet): carbohydrates 6l5j protein 197j fat 48; fibre 51j energy (MJI kg) 18.8j iron (mg/kg) 164. Anaemia was induced in the second group by bleeding in combination with a purified diet with low iron content. The purified diet consisted of (g/kg diet): carbohydrates 726j protein 151j fat 50j fibre 30; energy (MJ/kg) 16.6j iron (mg/ kg) 6j iron-free mineral premix 10, vitamin premix 12. Compositions of the mineral and vitamin premixes have been described (Wienk et a1. 1996) . Mice in this group were subjected to orbital puncture while under light diethylether anaesthesia. From each mouse 300 It! blood was collected at day 1 and day 14. The third group received the same diet as the control group, but supplemented with 2.5% (w/w) carbonyl iron 265 (Sigma, St Louis, MO, USA). The diets, which were in powdered form, were stored at 4°C until used.for feeding. During the experimental period the mice had free access to demineralized water from plastic bottles with stainless steel nipples and to one of the three experimental diets supplied in stainless steel containers. After 2 weeks, all animals received the control diet for 2 days, to avoid any direct influence of the diet on intestinal iron absorption.
Gastrointestinal iron absorption
For iron absorption tests the mice were fasted for 6 h and housed for 3 days in cages equipped with grates to minimize coprophagy.
All test doses were freshly prepared and were administered in aqueous solution using demineralized water. 59Fe(IIIIcitrate was added to Fe(lI) as ferrous sulfate and a 20times molar excess of L-ascorbic acid solution to reduce the Fe(III). 51CrC1 3 was added as a non-absorbable indicator. The total amount of Fe(lI) per test dose was 5 J1.g per mouse and had a final volume of 0.3 ml. Each mouse received about 50 kBq of 59Feand 200 kBq of 51Cr.
The test dose was orally applied with the use of an olive-tipped oroesophageal needle (24 mm). Total body radioactivity was measured with a whole-body gamma counter (Automatic Scanner DS4/4S, Tracelab Ltd, Weybridge, Surrey, UK) with separate detection windows for 59Feand 51Cr peaks. The values were corrected for radioisotope decay and day-to-day fluctuations of the scanner with the use of a radium source. The 51Cr peaks were corrected for the Compton-effect of 59Fe.
Mucosal uptake of iron (MU) was calculated from the activity of 59Feand 51Cr administrated (measured immediately after test dose administration and considered as 100% I, and the activity of 59Fe(Fll and 51Cr (C1) found within the body 22 h later, using: MU=100 x (Fl-C1/100-C1)%.
Fl and Cl were expressed as the percentage of the amount of 59Feand 51Cr administered. 59Fe retention (IR)was determined by whole-body counting 7 days after administration of the test dose. The mucosal transfer fraction of iron IMT) was determined as the ratio IR/MU.
When the animals were tested twice for iron absorption, the second test dose was administered 16 days after the first dose. Background values of the first test dose were corrected for radioisotope decay.
Transferrin saturation and haematological measurements
Heparinized blood was obtained by orbital puncture under diethylether anaesthesia. Haemoglobin (Hb), haematocrit IHCT) and mean corpuscular volume (MCV) were determined using a Coulter-S counter. Plasma iron and total iron binding capacity (TIBC) were determined by the Ferrozine method (Iron FZ Test, Roche, Basel, Switzerland) with the COBAS-BIO auto-analyser (Hoffman-La Roche BV, Mijdrecht, The Netherlands). Transferrin saturation (TS) was calculated from the TIBC and plasma iron values.
.Measurement of liver iron levels
Liver samples were weighed wet, then dried overnight at 106°C and weighed again. The dried samples were ashed in an oven at 500°C for 17 h, then were fully solubilized in 6M HCI, and the final solution was adjusted with demineralized water to a final HCI concentration of 1.2M. Iron concentration of the samples was determined by flame atomic absorption spectrometry (Varian SpectrAA 250 Plus, Varian, Mulgrave Victoria, Australia Pte Ltd).
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Statistical analysis
Results are presented as mean with their standard deviations. Student's t-test was used for comparison between the control and treated mouse groups. For individual comparisons between two measurements paired t-test was used. The level of significance was pre-set at P<O.OS. The reproducibility of different measurements in the same animal were calculated with the formula for the duplicate error: s=,jId 2 /2n (d=difference between the first and the second measurementj n=number of animals).
Results

Evaluation of iron status in mice
Several haematological variables were measured in both males and females control, anaemic and dietary iron-loaded mice (Table  1) . There was a sex difference in liver iron content, as female control mice had significantly higher iron concentrations. This may explain why female iron-loaded mice also had higher plasma iron concentration and higher transferrin saturation when compared to iron-loaded males.
In both male and female anaemic mice Hb and MCV were significantly lower than in controls. In iron-loaded mice, the MCV was found to be slightly increased. Significant changes in plasma iron and TIBC were found in both test groups. The best discrimination (Table 2) between anaemic, control and iron-loaded mice was reflected by transferrin saturation. Feeding with carbonyl iron (2.5% wfw) over 14 days resulted in a moderate siderosis of the liver, with iron concentrations about two times higher than controls. Liver iron stores in the anaemic group were slightly depleted. Taken together, these results reveal significant alterations in body iron stores between the different mouse groups regardless of the sex.
Iron absorption 59Pe and 51Crretention.
59Feand 51Cr-whole body retention was measured at days I, 2,3,4, 7 and 14 after oral application. After 22 h, slCr retention was already less than 3 % (range 0.86-2.9%; n=8). No significant changes in s9Fewere observed after day 3, at which time slCr remained undetectable (< 1%). Thus, in mice, sICrC1 3 can be used as a non-absorbable indicator and final iron retention can already Mucosal uotake (%) Mucosal transfer Iron retention ( subsequent studies were confined to females.
Mucosal uptake, mucosal transfer and iron retention
The results of iron absorption studies in control, anaemic and iron-loaded mice are presented in Table 2 and Fig 1. Compared to control mice, significantly higher values for mucosal uptake, mucosal transfer and retention of iron were found in mice with iron deficiency IP<O,00051. In ironloaded mice all iron absorption values were significantly lower than in control animals (P<O.OOOl),· Determination of mucosal transfer fraction gave an even better discrimination between control animals and animals with altered body iron stores, No difference in 59Feabsorption was observed between the sexes, as previously noted in rats by Hershko and Eilon (1974) and in mice by Simpson et al. (1991) , therefore
Iron absorption before and after dietary iron loading
The results of the repeated iron absorption studies in control mice, mice challenged with dietary iron loading and anaemic mice are presented in Fig 2. In mice maintained on the control diet, the mean values of the two studies of iron retention, mucosal uptake and mucosal transfer did not differ significantly IP> 0,11· The reproducibility of these measurements was calculated as described in materials and methods. The duplicate error in mucosal uptake was 4.1 (% administrated dose), in mucosal transfer 0.001 (fraction I, and in iron retention 1.7 (% administrated dose). In mice that were iron loaded after the first measurement, significantly lower values were obtained at the second measurement of mucosal uptake, mucosal transfer and iron retention IP < 0.005). Inversely, iron absorption steps in mice with induced iron deficiency after the first measurements were significantly increased (P<0.0002).
Discussion
In this study we describe the use of an improved and sensitive method to detect iron absorption responses to alterations in body iron stores in mice. To induce iron deficiency, we used a combination of repeated venesection and low dietary iron (Flanagal et al. 1980 , Ranasinghe et al. 1983 ). This experimental procedure resulted in a significant drop in the haematological values and tissue iron levels of experimental animals in a relatively short time. As expected, iron absorption in this mouse group was significantly increased when compared with control mice. Similar results have been reported in rats and mice (Flanagal et al. 1980 , Simpson 1996 , using other techniques for measuring iron absorption. An increase in body iron stores was achieved by dietary application of carbonyl iron, as revealed by the increased values of plasma iron concentration, transferrin saturation and iron concentration in livers and were similar to that reported by others [Leboeuf et al. 1995) .Iron absorption was visibly down-modulated in this mouse group. Similar findings have been reported in rats (Nielsen et al. 1993) . No significant differences between male and female responses in iron absorption to experimentally induced iron deficiency or iron loading were observed. However, nontreated female mice had significantly higher liver iron concentration than aged matched males. Age and sex differences in tissue iron concentrations were also described in rats (Uchino et al. 1990) .
In iron absorption studies in small animals, the ultimate retention of a tracer dose of radio-iron is usually the single parameter measured (Adams et al. 1989 , Buys et al. 1991 , Nielsen et al. 1993 , Baynes et al. 1995 ). An alternative method for the determination of mucosal uptake in addition to retention of iron consists in injecting radioactive iron into a tied-off intestinal loop (Forth & Rummel 1973 , Raja et al. 1987 .However, disadvantages of this method include the use 269 of anaesthesia and microsurgery. Moreover, the animal has to be killed at the end of the procedure which can last for a few minutes up to several hours.
Iron retention is only the ultimate result of the iron absorption process, which can be divided into two steps: mucosal uptake from the intestinal lumen and the subsequent transfer of iron through mucosal cells into the "blood.Mucosal uptake is influenced by many intraluminal factors: the state of the iron in the test dose [ferric or ferrous, haem or non-haem), the amount of iron, the composition of the test dose, gastric and intestinal secretions and the state of the brush border of the mucosal cells. The next step, mucosal transfer, is less dependent 011 these intraluminal factors and will better reflect the iron status of the body. Moreover, because it follows individual values, it gives a better discrimination between animals with varying body iron stores. To allow discrimination between these two steps, the use of a non-absorbable indicator (SlCrCI 3 ) has proved to be useful (Marx 1979 , Miltenburg et al. 1993 , Wienk et al. 1996 Using the described method, we were able to demonstrate iron absorption changes in response to minimal alterations in body iron stores. Considering its non-invasive and nonharmful nature, this method allows sequential studies of individual animals rather than large groups. Sequential studies permit each animal to be used as its own control, and can therefore save laboratory animals that would otherwise have been sacrificed in longitudinal studies.
In conclusion, the method described in this paper may provide useful information about the regulation of iron homeostasis in small animal models for iron metabolic disorders (De Sousa et al. 1994 , Santos et al. 1996 .
Because of the availability of transgenic and 'knock-out' mice, this makes the mouse an ideal model for the study of genes involved in maintaining iron homeostasis.
